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I. INTRODUCTION
The experimental discovery of free standing graphene 1 has motivated extensive studies of this unusual material. Graphene exhibits a wide range of unique physical characteristics, including its two-dimensional planar structure, high electron mobility, 2 quasi-relativistic electron dynamics, 3 and half-metallicity. 4 The structural and electronic properties of graphene make it a promising candidate for applications in solid-state sensors, 5 nanoelectronics, 2, 6, 7 and spintronics. 3, 4 Thin slices of graphene, known as graphene nanoribbons (GNRs), have been proposed for use as building blocks of nanoscale electronic and optical devices. 4, [8] [9] [10] The properties of graphene and GNRs can be modified by chemical functionalization 11, 12 and doping. 13, 14 Substitutional doping of graphitic materials is carried out by incorporating impurity atoms into the carbon lattice. 15 Doping increases the reactivity of graphene and provides a mechanism for anchoring molecules and chemical groups to its surface. 16, 17 It has been shown that the chemical activity, electric transport properties, and optical characteristics of graphene and GNRs can be tailored by adding a suitable dopant. 13, [18] [19] [20] [21] [22] Nitrogen (N) and boron (B) are the two most commonly used dopants for carbon materials. 19, [22] [23] [24] The N and B atoms introduce electrons and holes into the carbon lattice, producing n-type and p-type structures, respectively. 13, 15, [25] [26] [27] [28] Recent studies have demonstrated that a combination of substitutional B/N doping and surface functionalization represents an efficient tool for band gap engineering of graphene and GNRs. 9, [29] [30] [31] [32] [33] Semiconducting GNRs and graphene quantum dots (GQDs) with tunable band gaps are regarded as the key elements for the development of carbon-based nanoelectronics. 2, 7 The structural and electronic characteristics of B-and N-doped graphene sheets and GNRs have been studied both experimentally [22] [23] [24] [34] [35] [36] [37] and theoretically. 14, 19, 28, [38] [39] [40] [41] [42] [43] However, the interactions between B and N impurities in graphene have not been investigated in detail. Understanding these interactions is important for the development of an accurate theoretical model of substitutionally doped graphene and GNRs. In this paper, we study the interactions between the B and N dopant atoms in graphene, using first-principles density functional computational methods. The total energies, equilibrium geometries, electronic charge density distributions, and densities of states are calculated for graphene sheets doped with two atoms, including two B atoms, two N atoms, and one B, and one N atom. The interaction energies between the BÀB, NÀN, and BÀN dopant atoms are evaluated as a function of distance between the impurity atoms. Using the results of our calculations, we analyze the mechanism of interactions between dopant atoms in graphene.
II. COMPUTATIONAL METHODS
Our computational approach was based on an ab initio pseudopotential technique in the framework of density functional theory (DFT). 44 Calculations were performed using real-space and periodic supercell methods. Both methods employed the Kleinman-Bylander form 45 of normconserving Troullier-Martins nonlocal pseudopotentials. 46 The exchange-correlation energy was evaluated using the generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof. 47 Spin polarization was explicitly included in the computational formalism.
The periodic supercell calculations were carried out using the Spanish initiative for electronic simulations with thousands of atoms (SIESTA) electronic structure code. 48, 49 Within the SIESTA code, electronic wave functions were expanded in a basis of Gaussian-type atomic orbitals. The basis set allowed arbitrary angular momenta, multiple-f, polarized, and off-site orbitals. To ensure accurate representation of the interatomic interactions within the graphene plane, all SIESTA calculations were conducted using the double-f plus polarization (DZP) basis set. 50 The Hartree and exchange-correlation potentials were obtained by projecting the electronic density and wave functions onto a real-space grid. The energy cut-off, which corresponded to the grid spacing, was chosen to be 200 Ry. The Brillouin zone was sampled by 16 special k points. Pristine graphene sheets were modeled using supercells containing 160 carbon atoms. Doped graphene sheets were obtained by removing one or two carbon atoms from the supercell and replacing them with the B or N atoms. Due to periodic boundary conditions, the addition of a single B or N atom per supercell produced an effective dopant concentration of $0.625%, whereas the addition of two dopant atoms per supercell produced an effective dopant concentration of $1.25%. Structural optimization of graphene sheets was performed using the conjugate gradient algorithm. The optimization was carried out until all residual interatomic forces were smaller than 0.03 eV/Å . The calculated energies and equilibrium structures of pristine and doped graphene sheets were carefully tested for convergence with respect to the energy cut-off and the number and choice of the k points. For pristine graphene, our SIESTA calculations predicted an equilibrium CÀC bond length of 1.44 Å , which was in good agreement with the experimental value of 1.42 Å for graphite and graphene.
The real-space calculations were performed using the pseudopotential algorithms for real space energy calculations (PARSEC) electronic structure code. 51 Within the PARSEC code, the system of Kohn-Sham equations for electronic states was solved on a real-space three-dimensional Cartesian grid within a spherical boundary domain. 52 The potentials and electronic wave functions were set up on discrete grid points inside the domain. Boundary conditions were imposed on the system by requiring wave functions to vanish outside the spherical domain. The kinetic energy operator in the Kohn-Sham equations was approximated by a higher-order finite-difference expansion on the grid points. Graphene sheets were modeled by flat graphene clusters containing 80 carbon atoms. The clusters were passivated by 22 hydrogen atoms along the perimeter. Structural optimization of pristine and doped graphene clusters was carried out using the BroydenFletcher-Goldfarb-Shanno (BFGS) algorithm. 53 The convergence of the calculated energies and equilibrium atomic positions was tested with respect to the grid spacing and the size of the boundary domain. To ensure the accuracy of the computed energies and interatomic distances to within 0.05 eV and 0.01 a.u., respectively, we used a boundary sphere with a radius of 23 a.u. and a grid spacing of 0.32 a.u. For pristine graphene clusters, our PARSEC calculations predicted an average equilibrium CÀC interatomic distance of 1.42 Å . This value was in excellent agreement with the experimental CÀC bond length in graphene.
III. RESULTS AND DISCUSSION
First, we examined the equilibrium geometries of graphene sheets doped with a single B or N atom. We found that in the optimized configuration, the B and N dopant atoms were located in the graphene plane. For B-doped graphene, our SIESTA calculations predicted an equilibrium BÀC bond length of 1.50 Å , whereas the nearest-neighbor CÀC bonds were shortened by $0.01 Å compared to those in pristine graphene. For N-doped graphene, we obtained an equilibrium NÀC bond length of 1.42 Å , whereas the nearest-neighbor CÀC bonds were not noticeably changed. These results closely agreed with our previous calculations for B-and N-doped graphene performed in a 64-atom supercell. 54 Figure 1(a) shows the spatial distribution of the electronic charge density in B-and N-doped graphene. The charge density plots demonstrated that B-doping decreased and N-doping increased the electronic density around the impurity atom. Using the Mulliken population analysis, 55 we estimated that the N atom transferred a net charge of 0.51e to the graphene sheet, whereas a charge of 0.94 e was transferred from the graphene sheet to the B atom. The results of our study indicated the formation of the donor and acceptor states associated with the N and B dopant atoms.
The calculated electronic densities of states (DOS) of Band N-doped graphene are shown in Figs. 1(b) and 1(c), respectively. The DOS curves were obtained using a 21 Â 21 Â 1 k-point sampling of the supercell. The DOS of pristine graphene has a Dirac point at the Fermi level. 2 We found that the position of the Fermi level was shifted from the Dirac point by $0.5 eV downward in B-doped graphene and by $0.5 eV upward in N-doped graphene. The shift of the Fermi level could be explained by the presence of p-type and n-type impurities in B-and N-doped graphene. The van Hove peaks 56 in the DOS of doped graphene sheets were slightly broadened compared to that in pristine graphene due to structural distortions of the carbon lattice in the vicinity of B and N dopant atoms. Our results were consistent with previous empirical tight-binding and ab initio density functional studies of chemically doped graphene. 21, 38, 57 Next, we investigated the interactions between the BÀB, NÀN, and BÀN dopant atoms in double-doped graphene sheets. The configuration of graphene supercells used in our calculations is schematically shown in Fig. 2 . The dopant atoms were placed at different substitutional sites 1 through 10. The lowest energy structures of double-doped graphene sheets were obtained by relaxing the positions of all atoms within the previously optimized supercell. The distribution of the electronic charge density around the BÀB, NÀN, and BÀN dopant atoms at nearest neighbor positions is shown in Fig. 3 . The charge plots indicated that the electron density was reduced around the BÀB pair of atoms and increased around the NÀN pair of atoms. In graphene doped with B and N atoms, the electron density was higher near the N atom and lower near the B atom, whereas the charge distribution around the neighboring carbon atoms was not significantly affected by doping. Our calculations predicted the equilibrium BÀB, NÀN, and BÀN bond lengths to be equal to 1.58, 1.44, and 1.44 Å , respectively. The equilibrium distance between the two neighboring B atoms was almost 10% greater that the CÀC bond length in pristine graphene. In contrast, the equilibrium NÀN and BÀN interatomic distances were almost identical to the length of CÀC bonds in graphene. Figure 4 shows the variation of the Mulliken charges on the B and N atoms in graphene as a function of the distance between the dopants. We found that in BÀN co-doped graphene, the charges on the dopant atoms were almost independent of the separation distance between the dopants. When the B and N atoms were placed at nearest neighbor positions, the B atom received a net charge of 0.88 e from graphene, whereas the N atom transferred a net charge of 0.50 e to graphene. At the same time, in graphene doped with two B or two N atoms, the charges on the dopant atoms placed at nearest neighbor positions were approximately 30% lower than those on the isolated B and N atoms. Our calculations indicated that each of the two neighboring B atoms received a net charge of 0.67 e from graphene, whereas each of the two neighboring N atoms transferred a net charge of 0.37 e to graphene. When the distance between the dopants was increased, the Mulliken charges on the B and N atoms converged to the isolated dopant atom values. The charges on the B and N atoms separated by a distance larger than $3 Å were practically identical to those on the isolated B and N atoms. This result could be attributed to electrostatic screening of the p-type and n-type impurities by the graphene sheet.
The computed interaction energies of the BÀB, NÀN, and BÀN dopant atoms in graphene are plotted in Fig. 5 . Our calculations predicted an attractive interaction between the BÀN atoms and repulsive interactions between the BÀB and NÀN atoms. In all cases studied, the interactions between the dopant atoms had a relatively short range. The limited range of dopant-dopant interactions could be explained by the screening of the donor and acceptor charges in graphene. We did not observe significant oscillations of the dopant interaction energies with the increase in the distance between the dopants. For the most part, the interaction energies decreased monotonously with increasing the dopant separation. The dependence of the BÀB, NÀN, and BÀN interaction energies on the distance between the dopants was analyzed using a power-law equation 
where E tot was the total energy of a double-doped graphene sheet and d was the distance between the dopant atoms. The parameters a, b, and E tot ð1Þ were determined by fitting Eq. (1) to the results of our SIESTA calculations. The values of the fitting parameters a and b for graphene sheets doped with the BÀB, NÀN, and BÀN atoms are given in Table I . The solid lines in Fig. 5 show the fitting curves obtained from Eq. (1). The results of the power-law fitting demonstrated that the interactions between dopant atoms in graphene decreased in inverse proportion to the square of the distance between the dopants. The interaction energies between the BÀB, NÀN, and BÀN dopant atoms at nearest neighbor positions were computed by subtracting E tot ð1Þ from the total energies of double-doped graphene sheets. For the BÀB and NÀN pairs of dopant atoms, our calculations predicted repulsive interaction energies of 1.18 and 1.07 eV, respectively, whereas for the BÀN pair of atoms, we obtained an attractive interaction 
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Al (2012) energy of 2.13 eV. The interaction energy between the neighboring BÀN atoms was comparable in magnitude to the binding energy of 2.54 eV reported by Kweon and Hwang for the B-vacancy pair in graphene. 58 The strong bonding between the B and N dopant atoms indicated the possibility of the formation of isolated islands of hexagonal boron nitride in BÀN co-doped graphene. 59, 60 A recent theoretical study by Shinde and Kumar predicted the opening of a bang gap in hybrid graphene structures containing patches of hexagonal boron nitride. 33 These results suggest that substitutional doping of graphene with B and N atoms could be used for controllable band gap engineering in graphene and GNRs.
In the last part of our study, we investigated the interactions between the B and N dopant atoms in hydrogenpassivated graphene clusters using the PARSEC electronic structure code. The real-space grid method implemented in the PARSEC program does not utilize localized basis functions and does not impose periodic boundary conditions on the studied systems. Consequently, PARSEC calculations can be used for verifying the accuracy of our results obtained with the SIESTA code. The lowest energy structures of graphene clusters doped with two neighboring BÀB, NÀN, and BÀN atoms are shown in Fig. 6 . The numbers displayed in Fig. 6 denote the optimized interatomic distances. The equilibrium BÀB, NÀN, and BÀN bond lengths were found to be equal to 1.56, 1.42, and 1.42 Å , respectively. These values agreed to within $1% with the results of our SIESTA calculations. The interaction energies between the neighboring dopant atoms were evaluated as
where E graph , E 1dop , and E 2dop were the total energies of the undoped, single-doped, and double-doped graphene clusters, respectively. Our study predicted positive interaction energies of 1.04 and 1.02 eV for the BÀB and NÀN atoms and a negative interaction energy of À2:41 eV for the BÀN atoms. These energies agreed to within 0.1À0.3 eV with the values obtained in our SIESTA calculations. The interaction energy between two dopant atoms in graphene is composed of the covalent and ionic atomic bonding energies, the elastic deformation energy of the carbon lattice, and the spin interaction energy of the donor and acceptor states. Our study indicated that the contribution of spin polarization to the BÀB, NÀN, and BÀN interaction energies was relatively small and did not exceed $0.05À0.08 eV. At the same time, we found that the energies of the strain-induced lattice deformation around substitutional dopant atoms in two-dimensional graphene were comparable to those in threedimensional crystals. 61 The deformation energies of singleand double-doped graphene clusters were calculated as the differences between the energies of optimized undoped graphene clusters and undoped graphene clusters in which the positions of carbon atoms were shifted to the equilibrium positions for optimized doped graphene clusters. The contributions of the 
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lattice deformation energies to the total interaction energies between the neighboring dopants, E def int , were computed as the differences between the deformation energies of the singleand double-doped graphene clusters,
The lattice deformation energies of doped graphene clusters and their contributions to the interaction energies between dopants are summarized in Table II . Our calculations demonstrated that in-plane graphene lattice deformations contributed almost 50% of the interaction energy between the BÀB dopant atoms. In contrast, we found no significant contribution from the lattice deformation energy to the interaction energy between the NÀN dopants. The difference between the values of E def int for the BÀB and NÀN dopants could be explained by much larger distortions of the graphene lattice around the B atoms than around the N atoms. The lattice deformation energy in graphene doped with a single B atom was found to be larger than that in graphene doped with the neighboring B and N atoms. This result yielded a negative value of E def int for the BÀN pair of dopants.
Recent studies demonstrated that the strain field induced by cluster defects and grain boundaries can affect the formation energies of substitutional impurities in graphene. 62, 63 Structural defects in graphene produce stretched and compressed CÀC bonds that make the incorporation of dopant B and N atoms into the defective region to be an energetically favorable process. 63 The lower formation energies of substitutional B and N impurities in the defective region are expected to reduce the repulsive interaction between the BÀB and NÀN dopant atoms and strengthen the attractive interaction between the BÀN atoms. This effect could lead to the accumulation of B and N dopant atoms near defect sites and grain boundaries in graphene.
IV. CONCLUSIONS
We applied first-principles density functional computational methods to study the interactions between the BÀB, NÀN, and BÀN dopant atoms in graphene. Calculations were performed in the framework of real-space and periodic supercell approaches. Our study predicted repulsive interactions between the BÀB and NÀN atoms and an attractive interaction between the BÀN atoms. The BÀB interaction was in part produced by elastic deformations of the graphene lattice around the dopants. The interaction energy between two dopant atoms decreased in inverse proportion to the square of the distance between the dopants. The relatively short range of dopant-dopant interactions could be explained by the screening of the donor and acceptor charges in graphene. The high value of the BÀN interaction energy indicated the presence of a strong covalent bond between the B and N dopant atoms. The strong bonding between the B and N atoms suggested the possibility of the existence of isolated islands of hexagonal boron nitride in BÀN co-doped graphene. 
